Dendrimers comprise a category of branched materials with diverse functions that can be constructed with defined architectural and chemical structures. When decorated with bioactive ligands made of peptides and saccharides through peripheral chemical groups, dendrimer conjugates are turned into nanomaterials possessing attractive binding properties with the cognate receptors. At the cellular level, bioactive dendrimer conjugates can interact with cells with avidity and selectivity, and this function has particularly stimulated interests in investigating the targeting potential of dendrimer materials for the design of drug delivery systems. In addition, bioactive dendrimer conjugates have so far been studied for their versatile capabilities to enhance stability, solubility and absorption of various types of therapeutics. This review presents a brief discussion on three aspects of the recent studies to use peptide-and saccharide-conjugated dendrimers for drug delivery: (i) synthesis methods, (ii) cell-and tissue-targeting properties and (iii) applications of conjugated dendrimers in drug delivery nanodevices. With more studies to elucidate the structure-function relationship of ligand-dendrimer conjugates in transporting drugs, the conjugated dendrimers hold promise to facilitate targeted delivery and improve drug efficacy for discovery and development of modern pharmaceutics.
INTRODUCTION
Dendrimers constitute a unique category of 'tree-like' materials that possess definable structural features [1, 2] . In principle, dendrimers can be made with monodisperse molecular weight, tunable sizes and nanoscale starburst branches, making them ideal scaffolds for the creation of functional nano-biomaterials. As shown in figure 1a, dendrimers are typically composed of three distinct regions: the core, the interior branches and the peripheral groups. With each successive generation, the branches grow radially; so the size and functionality of the dendrimer can be simultaneously tuned. The core and the interior branches of a dendrimer can be synthetic or based on natural peptide or saccharide structures. When decorated with peptide or carbohydrate ligands through surface functional groups, dendrimers are endowed with the bioactivity to mediate the interaction with cell surface receptors (figure 1b). There are a large number of dendrimeric structures that have been reported in the literature (figure 1c), among them, the commercially available polyamidoamine (PAMAM) is one of the most widely explored dendrimers for biomaterial applications. Notably, multiple copies of ligands grafted on a dendrimer may coordinate the receptor binding in a multivalent way, and the ligand interaction with receptors or cells is often manifested with enhanced avidity and selectivity [3 -6] . Ligand-conjugated dendrimers by virtue of recapitulating the natural multivalent mechanisms, therefore, hold great promise for use in a broad array of biomedical applications, as has been shown in the development of artificial proteins, antimicrobial/anti-viral reagents, and drug delivery and release materials [6 -9] . Moreover, new applications of dendrimer conjugates are also emerging in the fields of cell labelling, diagnostic imaging and tissue engineering. In the field of drug delivery, dendrimers and bioactive ligands combined together may offer additional advantages besides mediating specific binding. Notably, dendrimer scaffolds may provide extra functional groups for drug conjugation; hydrophilic dendrimer conjugates may enhance the solubility of drugs or drug-loaded devices.
In this review, we aim to provide a concise review on the use of peptide-and saccharide-conjugated dendrimers for developing biomaterials for drug delivery systems. The content is organized into three sections: (i) the conjugation chemistry to graft peptide, and saccharide ligands to dendrimer scaffolds, (ii) the cell-and tissue-targeting properties of peptide-and saccharide ligand-conjugated dendrimers and (iii) the drug delivery efficiency of dendrimer conjugates. Readers should bear in mind that dendrimers themselves have been directly used in many biomedical applications without the presence of bioactive ligands. For more general and background information, readers can refer to previous reviews on dendrimeric materials [10] [11] [12] [13] [14] [15] .
CONJUGATION CHEMISTRY TO PREPARE PEPTIDE-AND SACCHARIDE -DENDRIMER CONJUGATES
The conjugation chemistry to decorate the surface of dendrimer scaffolds has been extensively investigated in the past, and numerous methods have been established to couple peptide-, saccharide-and glycopeptide-based ligands to various dendrimeric scaffolds. We do not intend to be exhaustive with all of the chemistries that have been developed thus far, but will mainly provide examples to illustrate the practical methods that can be adopted by laboratories interested in studying the applications of dendrimer conjugates. The reviews by Roy and Jezek et al. can provide more comprehensive information on the chemistry of synthesizing peptideand saccharide -dendrimer conjugates [6, 10, 16, 17] . It should be noted that the term 'glycopeptide dendrimers' can refer to two categories of dendrimer conjugate materials in the literature: (i) a-amino acidbased polypeptide dendrimers grafted with saccharides and (ii) non-amino acid dendrimers grafted with glycopeptide ligands.
Multivalent binding between ligands and receptors often exhibits temporal and spatial complexity at molecular and supramolecular levels. Therefore, understanding the effectiveness and limitations of different conjugation methods, and applying them appropriately to synthesizing bioactive dendrimers are essential steps for controlling the structure and property of the final delivery material. When attaching peptides or carbohydrates, the common ligation strategies can be applied directly to generating bioactive dendrimer conjugates. Nevertheless, there are at least two factors characteristically associated with the ligation of dendrimer scaffolds: the type and generation of dendrimer scaffolds that would determine the shape and size of final products; and the number of peripheral branches and modification level that could affect the multivalent spatial arrangement and receptor-binding properties of bioactive ligands.
Synthesis of peptide -dendrimer conjugates
To conjugate peptide ligands to a dendrimeric scaffold, various conjugation techniques have been adopted in the past. The difference of these approaches may be illustrated by the study of Mihov et al., in which three methods were described to conjugate an oligolysine to the polyphenylene dendrimers (PPDs) with four, eight and 16 terminal branches [13] . First, the oligolysine was assembled directly on the PPD surface from protected lysine monomers by employing a-amino acid N-carboxyanhydride polymerization. This process resulted in PPD grafted with protected oligolysines that were deprotected afterwards in a trifluoroacetic acid solution. Second, the protected pentalysine moieties were coupled through the C-terminal to the PPD scaffolds functionalized with amine groups. The carbodiimide coupling chemistry was used and resulted in amide linkages. Third, the surface of PPD was decorated with maleimide groups, and the cysteine-terminated peptides were grafted via Michael-type addition.
Among these methods, directly conjugating unprotected peptides are most commonly practised in laboratories that develop biomaterials. Conjugates of regular shapes and a controlled degree of peptide modification level can often be purified and obtained [18] [19] [20] [21] [22] . However, as the generation and the number of branches of a dendrimer scaffold grow, it may become difficult to achieve uniform and controllable conjugation level owing to the steric hindrance of dense branches. In one study by Waite & Roth [21] , generation 5 (G5) polyamidoamine (PAMAM) was reacted with heterobifunctional cross-linker sulphosuccinimidyl 6-[3 0 -(2-pyridyldithio)-propionamido]hexanoate in various molar equivalents of dendrimer, and a cyclic arginine -glycine -aspartic acid (RGD) peptide was subsequently grafted. The average modification level was reported as two, three, seven and 10 RGD ligands per dendrimer according to a UV spectroscopic analysis. Our laboratory tested a common strategy to graft linear RGD peptides to amine-terminated G2, G4 and G5 PAMAM (theoretically containing 16, 64 and 128 terminal groups, respectively). A heterobifunctional cross-linker, NHS-PEG 2 -maleimide (SM (PEG) 2 ), was used, which was first reacted with the amine groups of PAMAM and then linked to the sulphydryl of CGRGDS oligopeptides. By NMR analysis, the average molar percentage of peptide modification on the periphery groups was found to decrease from 59 per cent on G2 PAMAM to 52 per cent on G4 PAMAM, and to 48 per cent on G5 PAMAM (B. Lv & Y. Luo 2011, unpublished data). These modification levels correspond to an average of nine, 33 and 61 RGD ligands per G2, G4 and G5 PAMAM, respectively.
In the study by Baker and co-workers [18 -20] , cyclic RGD was conjugated to PAMAM scaffold. The peripheral amine groups were partially acetylated to prevent non-specific binding to cell membranes and intermolecular interaction/aggregation, and the remaining amines were directly reacted with fluorescein isothiocyanate (FITC) or converted to carboxylic acid to react with the N-terminus of cyclic RGD peptides. By regulating the feed ratio between RGD ligand and PAMAM dendrimer, PAMAM -RGD conjugates with different modification levels were obtained and purified. For instance, 2 -3 or 12-13 RGD ligands could be conjugated to one dendrimer when RGD was reacted in five or 10 molar equivalents of G5 PAMAM scaffolds, respectively. And G3 PAMAM could be modified with an average of 4.1 peptides per dendrimer when RGD was reacted with PAMAM in 12 : 1 molar ratio.
Peptide ligands grafted to dendrimer scaffolds may show different degrees of stability depending on the chemical properties of the linkages. Shao & Tam [23, 24] described a general conjugation approach using a dendrimer having a lysine core with four aldehyde peripheral groups. The tetravalent scaffolds were reacted with three types of side-chain unprotected peptides, of which the N-terminus were functionalized with weak nucleophilic bases: aminooxy, hydrazide and cysteine 1,2-aminothiol (generated during the solid-phase peptide synthesis). The direct conjugation resulted in oxime, hydrazone and thiazolidine linkages, respectively. Among them, the thiazolidine appeared to be superior in terms of reaction rate and product stability compared with oxime or hydrazone linkages.
Although direct conjugation of unprotected peptides is a convenient way to prepare dendrimer conjugates, it is difficult to achieve region-selective modification when the peptides contain side groups that may interfere with the conjugation reaction. Using protected peptides could avoid this problem, and peptides can be selectively ligated via the C-or N-terminus. This strategy would be particularly useful for conjugating long or complex peptide ligands. As shown by Ozawa et al. [25] , a glycopeptide derived from an extracellular matrix metalloproteinase inducer, synthesized in a partially protected form with the side-chain, and the N-terminus protected by tert-butoxycarbonyl groups was coupled to G1 PAMAM through the C-terminus via a thioester coupling reaction catalysed by silver ions.
Synthesis of saccharide -dendrimer conjugates
Owing to the important applications of glycodendrimers in the development of pharmaceutical reagents, As is noted, the derivation of saccharide ligands can be laborious and time-consuming as it necessitates protection/deprotection of hydroxyl groups in the sugar ring. The inconvenience and technical difficulty may limit the accessibility of glycodendrimers to laboratories without the expertise and experience in glycochemistry. Functional derivation of saccharide molecules may also be impractical when large numbers of different saccharide -dendrimers need to be prepared such as in high-throughput studies [47] [48] [49] . To overcome this issue, we recently reported a general approach to synthesize saccharide-modified dendrimers via direct conjugation of underivatized reducing saccharides to hydrazide-functionalized dendrimers [45] . This new approach takes advantage of the native reducing ends of glycans to form N-glycoside with hydrazide groups and leads to glycodendrimers with average modification ranging from 45 per cent to 99 per cent on G1 -G5 PAMAM scaffolds. Despite the convenience, problems related to better controlling the modification level and improving the purification of the conjugate products remain to be fully addressed for this method.
CELL-AND TISSUE-TARGETING PROPERTIES OF LIGAND-CONJUGATED BIOACTIVE DENDRIMERS
Multivalent interactions underlie numerous biological and pathological events, and play an important role in cellular recognition, trafficking, signalling and infection [50] [51] [52] . For example, the monomeric binding between glycan epitopes and a lectin receptor is usually weak at the molecular scale-with the disassociation constant (K d ) falling in the range of 10 23 to 10 26 M; instead, glycobiological processes involving multivalent ligandreceptor interactions show K d at the order of 10 29 M or below [10, [53] [54] [55] . In contrast to saccharide ligands, less-pronounced affinity enhancement in terms of magnitude has been observed in studies involving multivalent peptide conjugates [56, 57] .
When presenting bioactive ligands using dendrimeric scaffolds, the specific multivalent effects on the avidity of ligand-receptor interactions are determined by a number of factors that are associated with structural and spatial characteristics, which are generated through the ligand-conjugation process and the inherent structures of dendrimer scaffolds. These factors-often intrinsically correlated-typically include ligand valency, density and topology. Although numerous mechanistic studies on the receptor-binding behaviour of dendrimer conjugates have been carried out at the molecular level, investigation at the cell, tissue and systemic levels would provide more relevant information regarding the targeting and delivery capabilities of the dendrimer conjugates. The following sections discuss in vitro and in vivo fundamental work that elucidates basic cell-and tissue-binding properties of peptide-and saccharide-dendrimer conjugates.
Cell-binding properties of bioactive dendrimer conjugates in vitro
To profile the cell-and tissue-binding properties of dendrimer conjugates, imaging agents such as fluorophore molecules are often co-immoblized with bioactive ligands to the surface of dendrimer scaffolds. Notably, upon binding to cells, internalization of dendrimer materials is often observed and imaged in many studies. One of the most intensively studied ligand is RGD, a peptide sequence that can effectively bind integrin receptors and induce adhesion responses [58, 59] . In drug delivery studies, cyclized RGD peptides were found to bind with high affinity to cells expressing the a v b 3 integrins and are useful ligands to target tumour vasculature [60, 61] . By decorating the surface of G5 PAMAM dendrimers with a double cyclized RGD peptide and a fluorophore, a series of in vitro studies by Baker group demonstrated the effectiveness of RGD -PAMAM to interact with both normal and tumour cells, which include human dermal microvessel endothelial cells, human umbilical vein endothelial cells (HUVEC), odontoblast-like MDPC-23 cells and human glioblastoma cells (U87-MG) cells [18] [19] [20] . In these studies, quantitative evaluation indicated increased amounts of cell-bound dendrimers in response to increased conjugate dosage in cell culture, with no obvious saturation levels observed. The dendrimer conjugates also showed preferential binding to different types of cells. In one study [18] , dendrimer RGD-PAMAM conjugates were observed to bind with high efficiency to HUVECs in vitro and confirmed previous findings that cyclic RGD peptide binds JURKAT T lymphocyte cells [18] [19] [20] ; dendrimer RGD-PAMAM conjugates bound to JURKAT cells at about 10 per cent less efficiency than to HUVECs. In contrast, the modified dendrimers showed only moderate binding to KB cells (about 20% binding efficiency compared with HUVECs) and virtually no binding to L1210 mouse lymphocyte cells (about 2% compared with HUVECs). The authors postulated that the variable uptake of the dendrimer was based on integrin receptor expression levels of different cell types, though receptor expression levels in the cell lines were not quantified in the study.
The internalization of RGD-PAMAM conjugates was also observed and found to be time-dependent. For example, the cytoplasmic distribution of RGD-PAMAM 
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conjugates in a punctate pattern was visible only 6 h after the material was incubated with MDPC-23 cells [19] . It is noted that in most studies on conjugated dendrimers, potentially erroneous conclusions may have been drawn regarding vehicle uptake; evaluation methods failed to distinguish between dendrimers that merely bound to the cell membrane and those that actually cross the membrane to reach the cytoplasm. One major mechanism for internalization is likely through receptor-mediated endocytosis. For drug delivery applications, understanding the fundamental mechanism of cellular uptake of dendrimers and correlating the process with drug delivery efficacy would be essential for improving the design of delivery systems. This topic is further discussed in §3.2.
To understand the influence of RGD valency on the binding behaviour of RGD -PAMAM conjugates, Waite et al. conjugated cyclic RGD peptides to G5 PAMAM [62] . Dendrimers with two, three, seven and 10 copies of RGD ligands were obtained to study how these conjugates interact with U87-MG glioblastoma cells. It was demonstrated by surface plasmon resonance experiments and competitive cell adhesion assays that dendrimers with two or three copies of RGD ligands may actually have higher affinity towards the integrin receptors and cells compared with those with higher valencies. The authors proposed that the high density of ligand presentation and possibly steric hindrance due to the high valency might actually impede the effective binding of RGD with integrins. In a spheroid three-dimensional tumour model, however, the conjugate with a higher density such as 10-mer RGD -PAMAM showed higher rates of internalization by tumour cells. When kinetic data were fit into a transport mathematical model, dendrimers with higher RGD density support more homogeneous distribution in the tumour spheroids. In another in vitro study, antiepithelial cell adhesion molecule (aEpCAM) was linked to G7 PAMAM scaffolds, and the multivalent conjugates exhibited significantly higher affinity with EpCAM and the immobilized conjugates showed the ability to capture various tumour cells [63] . However, at the cellular level, the correlation of the ligand modification level on PAMAM scaffolds with the cell-binding strength was not reported in this study. Besides showing higher affinity and uptake, clustering of ligands on branched scaffolds may enhance the selectivity of the multivalent conjugates in binding with receptors. For instance, in one study conducted by Jin et al., a linear RGD-dendrimer conjugated with mono-and tri-valency contained in the sequence AVTGRGDSY was tested on transgenic human embryonic kidney (HEK) 293 and U87-MG cells showing different expression patterns of integrin subtypes [64] . In contrast to the monomeric ligand that showed no differential binding with cells expressing b1 and b3 integrins, di-meric and tri-meric peptide ligands exhibited a specific high affinity for a v b 3 integrin positive cells. This study was conducted using only branched conjugates with low valencies; no similar in vitro studies have been reported for the dendrimer conjugates with hyperbranched structures. Saccharide ligands have also decorated surface dendrimer scaffolds to develop cell-targeting materials. Hepatic cells express asialoglycoprotein receptors that bind galactose (Gal), lactose and N-acetylgalactosamine (GalNAc), which provides attractive opportunities for targeted delivery systems. Indeed, Gal, lactose and GalNAc have been exploited as ligands in delivery systems in the treatment of hepatic diseases [45] . Through hydrazone linkages, our laboratory created a small library of glycosylated dendrimers using G5 PAMAM and studied how these conjugates interact with HepG2 cells [45, 46] . The results showed that Gal-, lactose-and N-acetylglucosamine (GlcNAc)-modified PAMAM had significantly higher avidity towards HepG2 cells compared with other saccharide-modified dendrimers in the library. When lactose -PAMAM conjugates with different valencies were compared, the lactose -PAMAM dendrimer with an intermediate level of lactose modification seemed to be able to attain optimal binding with cells.
In a recent study, Medina et al. coupled GalNAc, via a peptide and thiourea linkages, to a G5 PAMAM dendrimer with a diaminobutane (DAB) core [65] that had been shown to preferentially accumulate in the liver and extravasate through the leaky tumour vasculature [66, 67] . The greater internal hydrophobicity of the G4 PAMAM dendrimers with DAB cores drastically increased liver accumulation compared with diaminoethane-core G4 PAMAM dendrimers (that preferentially accumulated in the kidney). Interestingly, the smaller G2 DAB-core PAMAM dendrimers exhibited accumulation in the kidney. Through in vitro studies of HepG2 and MCF-7 cells, Medina et al. found GalNAc-modified dendrimers allowed selective uptake by hepatic cells, and they showed superior properties with respect to the percentage of dendrimer-transfected cells and the rate of internalization compared with a linear HPMA polymer grafted with GalNAc ligands. When the valency of GalNAc was varied on G5 PAMAM, similar uptake into HepG2 cells at all concentrations and incubation times were observed, and a 10 per cent modification level on G5 PAMAM was found enough to enable optimal cellular uptake. In this study, the linkage between saccharides and dendrimer scaffolds seemed to affect the uptake of dendrimers kinetically, and a longer spacer via the thiourea linkage might support a higher rate of dendrimer internalization by HepG2 cells.
Macrophages exhibit a mannosyl/fucosyl receptor; so to develop a macrophage-targeting dendrimer, Fernández et al. conjugated mannose and b-cyclodextrin to dendrimers, followed by inclusion of a fluorophore within the cyclodextrin [68] . To synthesize the dendrimer, reactivity between isothiocyanate and amine functionalities was exploited to form dendrimeric structures with thioureido links. The group explored the multivalent effect of vehicle activity by varying the level of decoration from one to six mannose molecules and found an amplification of lectin-binding strength (22-fold greater for hexavalent versus monovalent vehicle). In measuring the macrophage-binding properties of this vehicle, the group treated the cells at 48C to inhibit non-specific phagocytosis and found a 20-fold preferential association of the mannosylated versus non-mannosylated vehicle.
Cell-and tissue-targeting of bioactive dendrimer conjugates in vivo
In addition to in vitro studies elucidating the kinetic and dynamic profile of dendrimer conjugates in interacting with cells, evaluation of these bioactive materials in vivo would shed light on their pharmacological properties that are valuable for developing therapeutics and drug delivery systems. Indeed, discrepancies have often been observed between in vitro and in vivo studies regarding cell-binding behaviour of conjugated dendrimers in vivo.
Liskamp's group conjugated 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid to a dendrimer featuring multivalent cyclic RGD to develop a vehicle that could target and image tumours [56] . Following complexation of targeted vehicle with 111 In and in vitro validation of binding to a v b 3 integrin, the group injected the radiolabelled dendrimer into SK-RC-52 tumour-bearing mice and found enhanced uptake of the RGD-targeted vehicle in tumours. Their analysis on the effect of multivalency indicated that tetrameric RGD-dendrimer exhibited better tumour-targeting than dendrimers decorated with dimeric or monomeric RGD peptides. However, in other studies, dendrimers conjugated to Gd(III) [69] .
Phage display technology has become a popular tool for screening ligands that can target cells and tissues with high affinity and selectivity. After a peptide ligand is screened from in vivo phage display, multivalent scaffolds are often used to design conjugates that either enhance the binding property and/or enable extra loading of imaging or pharmaceutical compounds for diagnostic and therapeutic purposes [70] [71] [72] . Recent studies have shown that dendrimers can provide a well-defined, highly versatile platform for multimeric presentation of ligands [73, 74] . Liu et al. [75] performed in vivo phage display to identify peptide sequences that targeted lung cancer xenografts in a mouse model. After conjugating G4 PAMAM dendrimers with FITC and the phage display-identified targeting sequence RCPLSHSLICY, the group found that the peptide-conjugated dendrimers enriched three times more in NCI-460 than 293T cells in a time-and dose-dependent manner. In the biodistribution assay, via intravenous injection, it was found that while the targeting and non-targeting vehicles were both found in other organs, animals treated with PAMAM conjugates with targeting peptide ligands exhibited 30 per cent greater fluorescence intensity in the lung cancer xenograft than non-targeting materials.
Meijer's group conducted a side-by-side study of two dendrimer-ligated tumour-homing peptides tethered to a pentavalent polyamide dendrimeric scaffold [74] . One peptide they investigated, CREKA, had previously been shown by in vivo phage display to home to the blood vessels and stroma of tumours [76] . Additionally, CREKA had been used to image atherosclerotic plaques ex vivo and in vivo [77] . The other homing peptide investigated was a cyclic nonapeptide, LyP-1 (CGNKRTRGC), that recognizes tumour lymphatic cells. By tethering these peptides and fluorescein to a pentavalent dendrimeric scaffold, the ability of these peptides to target tumours was elucidated: they found that CREKA-functionalized dendrimers localized to the vasculature of a prostate cancer xenograft vasculature, whereas LyP-1-modified dendrimers extravasated out of the blood vessels and into areas of the tumour that are difficult to reach via passive diffusion from blood.
APPLICATIONS OF PEPTIDE-AND SACCHARIDE-CONJUGATED DENDRIMERS FOR DRUG DELIVERY

General applications of dendrimer materials in drug delivery
Dendrimers provide a unique category of scaffolds for biological applications because of the well-defined size, multivalency and chemical composition. In fact, all of these parameters are determined during the chemical synthesis of the dendrimer. Some of the structural characteristics-and the associated homogeneity-are definable to such a degree that would be difficult to achieve with multivalent polymers and nanoparticles. For example, with peptide or saccharide decoration, the diameter of a conjugated dendrimer is theoretically in the order of a few to tens of nanometres if the intermolecular aggregation was prevented. This size-on the scale of a protein-may be advantageous for extravasation and binding properties during systemic delivery. An exact number of ligands of definable density can be conveniently achieved through conjugation, and allows for systematic profiling and screening for optimal cell-binding properties for drug delivery. In addition, the conformational stability of the nano-geometry offered by dendrimer scaffolds may be superior to some of the nanoparticles (e.g. linear polymers and liposomes) that may deform or dissociate during the transport process in vivo. Dendrimeric conjugates containing multiples copies of saccharides or peptides may themselves exhibit therapeutic benefits and be developed as anti-prion, anti-microbial and anti-viral agents. Positively charged dendrimers, owing to either native PAMAM terminal amines or guanidine-modification, have shown the ability to prevent prion folding and even induce prion unfolding with decreased cytotoxicity due to dendrimer glycosylation [78, 79] . For anti-microbial application, dendrimers modified with largely positive peptides show strong toxicity and selectivity for bacteria [80] . Glycodendrimers have demonstrated anti-viral properties by presenting saccharides to either directly bind to viruses or to saturate cell surface receptors [81] [82] [83] [84] [85] ; both methods inhibit virus -cell interaction.
For drug delivery purposes, dendrimers may serve at least two functions in the drug delivery process: to carry drug molecules and transport them to the diseased tissue; and to present bioactive ligands to enable targeted cellular interactions. This allows the cargo to overcome biological barriers encountered in drug transport in vivo.
As illustrated in figure 2a-c, there are, in general, three methods to load the dendrimer scaffolds with therapeutics. First, therapeutic compounds may associate with the interior branches of dendrimers through hydrophobic interactions. The drug-dendrimer association can also be enhanced when cyclodextrin is introduced to enable host-guest interactions through inclusion of the drug molecule into the pit of the cyclic oligosaccharides. This method has provided for the solubilization of a broad range of hydrophobic small molecules involved in anti-cancer, -depressant, -inflammatory and -microbial applications [14, 86] . The second association is through electrostatic interaction; charged therapeutics can directly form complexes with dendrimers containing counter-charged groups. This method has been widely studied for nucleic acid-based therapeutics and other negatively charged therapeutic compounds [87, 88] . Release of these non-covalently bound drugs may be driven by concentration gradients or by pH-triggered conformational change of the dendrimer [89] ; as pH changes from high or neutral to a low pH (such as in the endosome), PAMAM dendrimers undergo a conformational change from a 'dense core' to a 'dense shell'. The third approach is through covalent bonding, which is convenient when the therapeutic contains functional groups that are readily ligated. This can be beneficial when drugs cannot associate with dendrimers through physical interactions and/or stable association of drugs is desired to prevent drugs from leaching out of dendrimer to cause side effects [90, 91] . In the case where a therapeutic agent should be free from the vehicle to be fully active, consideration should be given to how the agent will be released, such as by conjugation via acid-labile linkage that can be cleaved in the mature endosome.
In other applications, dendrimers can be used to modify other nanodevices, such as carbon nanotubes [92] [93] [94] [95] , gold nanoparticles [84, [96] [97] [98] [99] [100] and nanorods [101] , magnetic particles [102, 103] and quantum dots [104] [105] [106] (figure 2d ). Modification by bioactive dendrimer conjugates can particularly serve to improve biocompatibility, enhance solubility and provide a mechanism for tissue-or cell-specific targeting. We focus our discussion on studies primarily relying on peptide-and carbohydrate-conjugated dendrimers to carry and deliver drugs, as shown in figure 2a -c.
Delivery via peptide-conjugated dendrimers
When dendrimer conjugates are designed to serve multiple functions, drug molecules and ligands may both need to associate with the dendrimer scaffold through its surface functional groups. This entails special considerations in regard to the spatial arrangement of drug molecules and ligands in the dendrimeric system.
In linking the chemotherapeutic drug methotrexate (MTX) to the G3 PAMAM -RGD conjugates, a dendron body contains two types of functional groups: an alkyne and 16 carboxylic acids groups. The focal-point alkyne allowed for regio-specific binding with MTX-azide through 'click chemistry' and the branched carboxylic acids presented c(RGDyK) peptide in multivalent fashion [20] . When tested on HUVECs, MTX linked to RGD-PAMAM dendrons showed similar levels of cytotoxicity compared to the free MTX drug in vitro.
Dendrimers conjugated with targeting peptides have also been used for gene delivery. In the study by Pandita et al., G5 and G6 PAMAMs were partially modified with RGD ligands with varied densities (i.e. four, eight and 16 RGDs per dendrimer), and the resulting conjugates were used to complex with plasmid DNA for gene delivery into bone marrow-derived mesenchymal stem cells [107] . Ligand conjugation seemed to improve the cellular uptake of nucleic acids and upregulate the expression of the target genes, with the optimal delivery efficiency observed for the conjugates with a median modification level. In another study, Roth's group also demonstrated in vitro transfection efficiency of RGD-decorated PAMAM using a three-dimensional tumour model constructed from multicellular spheroids [21] . In this study, partially decorated G5 PAMAM dendrimers were electrostatically complexed with a cy3-labelled anti-GFP siRNA. Through a confocal analysis, the siRNA loaded in RGD -PAMAM dendrimers was found to penetrate into the core of the tumour spheroids more effectively compared with the siRNA carried by undecorated dendrimers. This result was likely due to the dynamic Review. Dendrimer conjugate drug delivery J. Liu et al. 315
interaction among RGD -PAMAM, cells and ECM in the spheroid model. However, it was observed that the ligand decoration on the delivery vehicle did not improve the silencing effects. Taking into consideration the aforementioned studies, it is noted that although ligand-conjugated dendrimers can lead to enhanced cell binding, whether they can really increase the intracellular drug delivery efficiency may need to be further investigated. An improved imaging method or strategy to accurately locate delivery material and drug inside and outside cells may help us understand whether this is due to deficient cell internalization or inefficient intracellular release of the cargo, which could lead to strategies to improve the design of delivery systems-based bioactive dendrimers. Despite the question on delivery efficacy in vitro, the peptide ligand on the dendrimer can be beneficial in transporting therapeutics to targeted tissue in vivo. One peptide derivative with potential for targeting the brain is Angiopep-2, a 19-amino acid peptide derived from the Kunitz domain of aprotinin, which accumulates in the parenchyma, binds to lipoprotein receptor-related protein 1 and exhibits a high propensity to transcytose across the blood-brain barrier [108] . Jiang's group conjugated Angiopep-2 to the terminal groups of a PEGylated G5 PAMAM and determined that the vehicle was internalized by brain capillary endothelial cells through clathrin-and caveolae-mediated endocytosis and, to a small extent, macropinocytosis [109] . The group found that in a mouse model brain uptake of targeting vehicles loaded with fluorescentlabelled DNA was up to eightfold greater than non-targeting vehicle. In a later study, the group found the biodistribution of the targeting vehicle in the brainespecially within the tumour-was greater than controls and demonstrated the ability of Angiopep-2-modified dendrimer to target glioma [110] . Furthermore, they loaded the dendrimers with TNF-related apoptosis-inducing factor and, in a glial xenograft mouse model, found greater apoptosis in the tumours owing to targeting dendrimer treatment groups than controls, including commercial temozolomide. The results that the targeted delivery vehicle can perform better than a clinical standard are promising for future applications in treating brain tumours.
To design targeted systems to gene delivery, dendronized structures may also be used to enable the loading of DNA or RNA therapeutics. Whereas most bioactive dendrimer conjugates rely on surface functionalization of dendrimers, Hammond's group ligated a clinically relevant anti-tumour peptide (WIFPWIQL) to a PAMAM-based dendron for gene therapy [111] . This was accomplished by reducing the disulphide bond of a G4 cystamine-core PAMAM dendrimer, followed by conjugation to the peptide through a heterobifunctional linker. This vehicle showed a propensity to condense plasmid DNA into small structures (greater than 210 nm) and transfected prostate carcinoma cells in vitro to express luciferase. The group demonstrated up to fivefold greater transfection with this asymmetrical vehicle than control groups, and even greater transfection than PEI, a transfection standard. Preliminary in vivo studies successfully targeted EFG43-FGF4 tumours in a mouse model. As only one copy of the targeting ligand was incorporated into the dendron scaffold in this material, it may be worthwhile exploring how dendrons carrying multivalent ligands could be combined with unmodified cationic dendrons to improve the structural design and transfection efficiency of the gene delivery system.
Besides targeting ligands, cell-penetrating peptides have been widely studied for increasing the cross-membrane capability of various deliver systems [112] [113] [114] [115] . As one of the major cell-penetrating peptides, Tat is derived from the HIV virus and can cross the cell membrane of many cell types, potentially due to its net cationic charge [116 -118] . Dendrimers conjugated with Tat, however, have seen varied success as transfection vectors. In an early paper by Juliano's group, G5 PAMAM dendrimers conjugated to Tat (15.9 peptides per dendrimer) showed no improvement in the delivery efficiency of siRNA oligonucleotides against the transmembrane protein p-glycoprotein MDR1 in 3T3 cells [119] . In a more recent paper, however, Chang and co-workers [120] found that bacterial magnetic nanoparticles (BMPs) decorated with Tat-functionalized PAMAM dendrimers exhibited high transfection levels of anti-epidermal growth factor receptor (EGFR) psiRNA; in fact, they demonstrated that the targeted dendrimer performed as well as the Lipofectamine 2000 treatment group. In vitro, EGFR knockdown in U251 glioma cells by the targeting dendrimer was slightly better than lipofectamine, whereas apoptosis was similar between the treatment groups. Furthermore, in vitro cell invasion was inhibited to a greater degree by the targeted delivery vehicle than lipofectamine (66% versus 62%). In a U251 subcutaneous tumour mouse model, the group described significant apoptosis, downregulation of EGFR expression and tumour suppression by the targeted vehicle. The difference in delivery efficiency observed from TAT attached dendrimers can partially attribute to the density and distribution of TAT peptide on delivery vehicles; as in the previous study, there are nearly 16 TAT on each PAMAM molecule while in each Tat-BMPs-PAMAM particle the peptide number reaches 3190.
Delivery via saccharide-conjugated dendrimers
As many glycan moieties are hydrophilic and neutral, glycosylated dendrimers often show good water solubility and biocompatibility and have been explored for use in drug delivery systems. Colchicine is a current standard treatment to treat gout, but has potential as an anti-cancer agent owing to its inhibition of mitosis.
In an attempt to develop a targeted vehicle for colchicine to cancer cells, Reymond's group conjugated the drug to glycopeptide dendrimers via a thioether bond and screened a small collection of glycopeptide dendrimers with varied glycan ligands (glucose, Gal, GalNAc and lactose) and peptide building blocks (based on amino acids including serine, threonine, histidine, aspartic acid, glutamic acid, leucine, valine and phenylalanine) [121, 122] . In in vitro cytotoxicity tests on HeLa cells, all colchicine-loaded glycodendrimeric vehicles were found able to cause extensive cell death. Conversely, non-transformed mouse embryonic fibroblasts experienced extensive cell death only from treatment with highly GalNAc-decorated vehicles, and not other glycodendrimer treatments. These findings suggest that several saccharides may serve as effective ligands for selective anti-tumour dendrimeric delivery vehicles while not targeting other cell types; glucose-conjugated dendrimers demonstrated a high selectivity for HeLa cells by inducing cell death in 163-fold more HeLa cells than fibroblasts. It should be noted that whereas many dendrimeric vehicles are based on branched polymers, the structure of Reymond's dendrimers consisted solely of amino acids. Their reasoning was based on the aspect that unless the vehicle is cleared from the body, dendrimeric drug carriers should undergo intracellular biodegradation after delivery, and that a dendrimeric structure consisting of peptides could exploit endogenous proteases to enable biodegradation. One group used Gal-conjugated dendrimers as a delivery vehicle for anti-malarial therapy [90, 91] . Primaquine is a common anti-malarial medication, but in regular formulation can exhibit severe side effects, such as haemolysis. To target the drug to the site of metabolism in the liver and shield it from inducing side effects in side cell populations, the researchers conjugated Gal to poly (propylene)imine (PPI) dendrimers and complexed primaquine within the carrier via the hydrophobic effect. Two hours after intravenous injection of the loaded vehicle, 50 per cent of the initial dose was found in the liver, compared with 26 per cent of the non-targeted vehicle, demonstrating the targeting ability of Gal. Besides targeting to the liver, coating of the dendrimer with Gal had three beneficial effects: prolonged drug release up to 6 days, compared with 2 days for uncoated dendrimer; 15-fold greater entrapment of primaquine; and drastically reduced haemolysis owing to surface neutralization by glycosylation. In a later paper, the group loaded a related anti-malarial drug, chloroquine, into Gal-decorated poly-L-lysine dendrimers and found fivefold decreased uptake of the vehicle by macrophages compared with uncoated dendrimers [91] . This characteristic would allow for shielding of the delivery system from macrophages while targeting the liver. Similar to previous findings, coating of the lysine dendrimers with Gal reduced haemolytic toxicity and immunogenicity of the conjugates while extending the release of the anti-malarial drug.
Uekama's and co-workers [123 -125] demonstrated gene transfer via mannosylated dendrimers in other cell types. Similar to Fernández's group, they confirmed uptake by and transfection of macrophages, but they also found that mannosylated G3 PAMAM dendrimers, complexed with luciferase pDNA, provided for high gene transfer activity in NR8383, NIH3T3, HepG2 and especially A549 cells. These findings illustrate how the same ligand can target multiple cell types; so development of delivery vehicles should include specificity evaluation, especially when the cargo drug can induce negative effects in unintended cell types.
Saccharide ligand-conjugated dendrimers can also be used to develop targeted vehicle for RNAi therapy. Recently, our groups introduced a new paradigm for designing siRNA delivery systems based on neutral conjugated dendrimers [46] . By replacing the terminal amines with hydrazide groups and GalNAc ligands according a method described above [45] , cationic PAMAM dendrimers were transformed into neutral glycosylated carriers. Anti-luciferase siRNA was complexed to these protonatable dendrimers at pH 5 via electrostatic interaction [46] . The hydrazides on the PAMAM periphery were then cross-linked with homobifunctional glutaraldehyde to retain encapsulated siRNA following pH neutralization. Both intra-and inter-particle cross-linking may happen during this process, while the inter-particle cross-linking can be reduced to a minimal degree with the appropriate glutaraldehyde concentration and GlcNAc modification. This loaded GalNAc-conjugated dendrimer successfully induced RNAi in luciferase-expressing HepG2 cells in vitro. This demonstrated the potential for charge-neutral cross-linked dendrimeric vehicles in drug delivery applications, which could overcome the cytotoxic effects owing to dendrimer cationic charge and improve the vehicle stability through chemical cross-linking.
TOXICITY OF BIOACTIVE DENDRIMER CONJUGATES
Safety is one of the crucial concerns for developing drug delivery systems based on dendrimer materials [126] . Although dendrimers are in general considered biocompatible, how to ensure the safe use of dendrimer materials may be case-specific and vary with the specific composition and structure of each type of material. In vitro assays have indicated that dendrimers may exhibit haemolytic toxicity, cytotoxicity and haematological toxicity in a time-, concentration-and cell-type-dependent manner [127 -130] . The peripheral groups on dendrimers seem to be an important factor in determining the degree of toxicity. Studies have shown that many dendrimers with cationic groups at the periphery (e.g. PAMAM, PPI, DAB and dendrimeric poly-L-lysine) are much more toxic than those with anionic or neutral groups in haemolysis and cytotoxicity assays [128, 131, 132] , while dendrimers with neutral hydrophilic peripheral groups may show better biocompatibility compared with dendrimers decorated with hydrophobic moieties [128] . It was speculated that the positive charges-which result from the presence of cationic amine groups on dendrimers-could interact with the cell membrane through electrostatic interactions to cause membrane destabilization [133] , apoptosis pathway activation [134] and medium depletion [135] . Consequently, substitution of peripheral amines, at least partially, of these cationic dendrimers may reduce potential toxicity and improve their biocompatibility. It was shown that acetylation [133, [136] [137] [138] or PEGylation [133, 139, 140] of terminal amines significantly decreased the in vitro and in vivo cytotoxicity of PAMAM and PPI. In addition to the peripheral chemistry, the interior scaffold of a dendrimer also affects its toxicity. For example, with the same amount of surface amines, DAB dendrimer displayed slightly higher toxicity than PAMAM [128] . Cationic dendrimers, especially PAMAM, often display generation-dependent toxicity. For instance, the concentrations of dendrimer to induce 90 per cent cell death of V79 Chinese hamster lung Review. Dendrimer conjugate drug delivery J. Liu et al. 317 fibroblasts after 24 h were 1 mM, 10 mM and 100 nM for G3, G5 and G7 PAMAMs, respectively [127] . The positive correlation of toxicity with dendrimer generation is likely due to the increasing number and density of surface cationic charges.
The toxicity levels of ligand-decorated dendrimers may vary with the structural characteristics of the peptide and saccharide ligands. By modifying G5 PPI with neutral amino acids ( phenylalanine and glycine), the haemolytic activity and cytotoxicity of amino acid-dendrimer conjugates were significantly lower compared with PPI [129] . In contrast, PAMAM decorated with the cationic amino acid arginine showed increased cytotoxicity: twice as much cell death resulted from decorated dendrimers than from G4 PAMAM dendrimers when tested on HepG2 and HEK 293 cells in the concentration range between 0.01 to 0.36 mg ml 21 [141] . In Yang and Kao's study, although the conjugation of RGD peptide on G4 PAMAM increased the viability of fibroblasts upon dendrimer treatment, RGD-G4 PAMAM still caused more than 50 per cent mortality after 96 h treatment of cells at 77 mM, showing time-and concentration-dependent toxicity [51] .
Many glycans are neutral and hydrophilic, and glycosylated dendrimers often exhibit enhanced biocompatibility compared with native cationic dendrimers. This has been demonstrated in studies on many types of glycosylated dendrimers, including PAMAM, PPI and polylysine [45, 90, 91, 129, 142] . For example, compared with the nearly 40 per cent mortality rate of HepG2 cells upon treatment of 70 mM G5 PAMAM, glycodendrimers with glucose, mannose, GlcNAc, lactose and Gal derivation on the surface exhibited no significant difference in cell viability to the nontreated cell group [45] . In a study by Agashe et al. [129] on saccharide-modified PPI in the range 0.001-1 mg ml 21 , uncoated G5 PPI led to 86 per cent haemolysis after 4 h incubation and around 98 per cent mortality in HepG2 and Cos-7 cells, but lactose-and mannose-derived PPI showed less than 3 per cent haemolysis and above 95 per cent cell viability. It is noted that in these experiments, saccharide-conjugated dendrimers could exhibit slight toxicity, presumably owing to unmodified cationic residues on the dendrimer surface. Owing to their biocompatibility and hydrophilicity, glycodendrimers have also been used to mitigate the toxicity and increase solubility of other delivery devices, such as single-walled carbon nanotubes and boron nitride nanotubes [94, 143] .
Compared with in vitro studies, fewer investigations have been conducted at the systemic level to evaluate the toxicity of dendrimer-based materials. In one study by Heiden et al., treatment of 1 mM unmodified G4 PAMAM lead to 95 per cent mortality in zebrafish embryos 120 h post-fertilization, whereas RGD-decorated G4 dendrimers showed only 5 per cent mortality at a concentration of 2 mM [144] . However, decoration with RGD did not completely eliminate toxicity, as 20 mM RGD-PAMAM caused 99 per cent mortality. Additionally, sub-lethal concentrations of G4 PAMAM induced interference in developmental progression (including reduced body growth, bent trunk and smaller head and eyes), but the anionic intermediate G3.5 neither affected nor arrested development. Such results illustrate that the toxicity of peptide-dendrimer conjugates likely lies on the surface properties of the dendrimer. One thing that should be noted is that, unlike in exhaustive toxicity studies, many application-based studies apply the dendrimer conjugates at relatively low concentrations, such as several hundreds of nanomolar, at which toxicity has not been exhibited to a large degree. Therefore, safety risks still exist for dendrimer materials. More studies need to be carried out to understand how to ensure safe use of dendrimers and dendrimer conjugates for in vivo applications.
Immunogenicity is another important aspect of biocompatibility. Roberts et al. [127] studied the immunogenicity of PAMAM dendrimers (G3, G5 and G7) by immunoprecipitation and Ouchterlony doublediffusion assay, and no signs of immunogenicity were observed at a dose range of 0.1 nM to 0.1 mM. As studied by Agashe et al. [129] dendrimers or conjugated dendrimers were unable to elicit any detectable humoral immune response under their experimental conditions in Balb/C mice. However, the immune response to conjugated dendrimers could be dependent on the specific type of ligands, and saccharides could especially impose the risk of immunogenicity. As shown by Ortega-Munoz et al. [145] , multivalent structures including glycopolymers, glycocyclodextrin and glycocluster can activate cell adhesion and stimulate monocytes and macrophages.
CONCLUDING REMARKS
Amid the bulk of biomedical research in applications for dendrimers, peptide-and saccharide-conjugated dendrimers have emerged due in part to their contribution to nanoparticle solubility, biocompatibility and stability, and also for cell selectivity and delivery efficiency. Other drug delivering or therapeutic dendrimer conjugates have used larger proteins as ligands, especially antibodies or proteins that bind to overexpressed receptors in diseased cells. This approach allows for high selectivity, but may be limited by the size increase of the vehicle owing to relatively large ligands, short half-life because of proteolytic cleavage and necessary a priori knowledge of ligand. Short peptide ligands, on the other hand, can be discovered through phage display or derived from the binding domains of large proteins. Short peptide strands, like peptides of all lengths, are susceptible to proteolysis, but their abbreviated structures provide for fewer sites of recognition by proteases compared to larger peptides and proteins. It should be noted that-although largely unexplored-oligosaccharide ligands for dendrimeric drug delivery applications hold promise owing to the sheer number of oligosaccharide permutations; for example, there are 20 6 (6.4Â10 7 ) possible peptide hexamers, but drastically more hexasaccharide permutations (1.44Â10 15 ). The large number of possible oligosaccharides-as compared to peptides of the same lengthcould lead to the development of saccharide ligands of high selectivity [10] .
In particular, the multivalent presentation of bioactive ligands through dendrimeric scaffolds provides exciting opportunities to probe how nanoscale characteristics of ligand arrangement would affect the cell -material interaction and the drug delivery efficiency. Through in vitro binding assays, the kinetic and dynamic profile of ligand -dendrimer conjugates to interact with cells begin to unfold, with dendrimeric conjugates showing efficiency to enhance the uptake and the ligand density observed to modulate the cellbinding property. From the perspective of molecular design, it remains to be elucidated how the structure and bioactivity of dendrimers are fundamentally correlated. A number of intrinsically woven factors, including the dendrimer scaffold structure, the ligand valency and density, and spacer should be taken into consideration when designing and analysing the property of ligand-conjugated dendrimers.
To employ bioactive dendrimers for fabrication of drug delivery systems, new methodologies to accommodate the therapeutic cargoes in delivery systems without compromising the cell-targeting and -delivery capability of bioactive dendrimers would be valuable. Although receptor-mediated endocytosis is thought to be involved in internalization of ligand-conjugated vehicle, how the uptake mechanism is linked to the delivery efficiency on the cellular level in terms of membrane penetration of bioactive dendrimers and cytoplasmic release of drug molecules remains largely unexplored. More studies on this aspect would lead to theoretical principles to guide the rational design of targeted drug delivery systems. Despite the debatable effect on enhancing drug efficacy, ligand-conjugated dendrimers may improve the targeting and specificity of drug delivery, as shown by many in vitro and in vivo studies. Exploiting new technologies to screen appropriate ligands would be essential to identify peptide and saccharides for optimal design of drug delivery systems. As reviewed herein, peptides screened from phage display have been conjugated to dendrimer scaffolds and demonstrate delivery benefits in vivo. Glycan arrays exist that can identify saccharides capable of interacting with specific proteins [146, 147] , and this provides opportunities for high-throughput study of saccharide-cell interactions and screening of glycosylated dendrimers suitable for drug delivery. Whether the ligand-conjugated dendrimers can facilitate drugs to reach the targeted tissue/cells and induce therapeutic effects in vivo could be difficult to predict without significant in vivo tests owing to the complex tissue environment and physiological conditions. Significant proof-of-principle research has been conducted with these bioactive dendrimers, i.e. the majority of research articles describe the uptake of fluorophoreconjugated dendrimers, while relatively few articles demonstrate therapeutic effects of drug-loaded vehicles. Obviously, for proposed drug delivery vehicles to reach the clinic, these next steps of testing must be taken.
In biomedical applications, safety and biocompatibility are among high-priority issues relating to the clinical potential of a biomaterial. Comprehensive understanding of the toxicity and developing strategies to improve biocompatibility would accelerate the developmental process towards clinical application of dendrimer-based materials. Safety issues could be more complex and beyond our current understanding of bioactive dendrimers owing to the possible unknown bioactivity of these materials. It is noted that bioactive dendrimers may participate in roles beyond cell binding, possibly including mediation of cellular signalling activities. For example, one study demonstrated that the integrinmediated c-Jun N-terminal kinase (JNK) signaling pathway could be activated by an RGD -PAMAM conjugate to modulate the differentiation of dental pulp cells [148] . Only with more studies carried out to address both fundamental and practical issues to further our understanding of cell -material interactions and drug delivery problems would bioactive dendrimers see translation into clinical applications in the near future.
